Introduction
Coatings of transition metal nitrides have been widely used in engineering tools and dies mainly due to their high hardness, high thermal and chemical stability and corrosion resistance [1] . The adhesion of the hard coating to the metal substrate can be enhanced using certain surface pretreatment techniques that contribute to adjust both the mismatch of hardness through the ceramic/metal interface and the microstructure of the coating by controlled nucleation of grains.
Ion bombardment of metal surfaces produces at one hand a variety of microstructural changes, such as the appearance of defects, phase transformations, controlled material removal by sputtering and amorphization. In the case of steel substrates atomic peening with Xe ions was shown to cause grain refinement within the near-surface region, thus enhancing the diffusion of nitrogen into the steel surfaces [2] [3] . Moreover, this process can also be applied to modify the substrate surface at the atomic level, making it harder and thus increasing the coating adhesion to the pre-treated substrate [4] [5] .
Another type of procedure used for the surface treatment of ferrous and non-ferrous materials is plasma nitriding. It represents a thermochemical diffusion process of nitrogen that is assisted by ion acceleration within the plasma and by its impact on the surface activation of the metal substrate [6] . This method usually allows for either reducing the nitriding temperatures or speeding up the process. Both contribute to preserve the metal substrate properties. The inward diffusion of nitrogen and its enhanced surface retention leads to subsequent reactions with the alloying elements, thus producing hard phases that are able to reinforce the metal surfaces. Two hard precipitates are typically formed in nitrided steel surfaces: the nitrogen-rich ε-Fe 2-3 N and the iron-rich γ '-Fe 4 N nitrides. Both exhibit elevated hardness (approximately 70 HRC) [7] and good corrosion resistance, thereby improving the tribological properties of steels [8] [9] .
Residual stresses are typically generated within coated metal-matrix composites owing to the thermal expansion mismatch between the hard coating and the metal substrate that arises during the cooling stage in the manufacturing of tools and dies. These residual stresses represent a major factor that determines the composite performance, since they superpose the thermal stresses during service. On the other hand, the application of surface pre-treatments modifies the phase composition within the metal surfaces. This may therefore have a great impact on the thermal mismatch between coating and substrate, thus contributing to tailor the residual stresses in the final products.
In the present work, we deal with the effect of different surface pre-treatments on the residual stresses of TiN coatings deposited onto AISI 4140 steel. We compare three processing routes of AISI 4140 steel surfaces: low temperature plasma nitriding at 380°C, Xe ion bombardment and a combined treatment using Xe atomic peening followed by plasma nitriding. All three strategies were accompanied by a final TiN coating deposition according to the so-called duplex coating strategy.
Experimental Details Substrate materials:
The material used was AISI 4140 steel. Its chemical composition is given in Table 1 . Discs were machined with 20 mm diameter and 2 mm thickness from the same rod. The samples were mirror polished prior to the surface pre-treatments and TiN film deposition. Surface treatments: Prior to the deposition of TiN films, the sample surfaces underwent individual or combined treatments using Xe ion bombardment and plasma nitriding. Ion bombardment, plasma nitriding and film deposition were carried out in an ion beam assisted deposition system (IBAD). The IBAD equipment consists of a deposition chamber equipped with two Kaufman ion sources of 3 cm diameter, a support for one to four targets and the samples temperature (<1000 ° C) can be controlled. The base pressure within the chamber was <10 -4 Pa. The Xe gas was introduced into one of the Kaufman sources to perform the ion bombardment. Ions were accelerated to 1000 eV and a beam of 20 mA was placed perpendicularly to the substrate surface. The atomic peening with Xe ions was conducted for 30 min. The substrate temperature during bombardment was maintained below 260 ° C and the working pressure in this case was 1. 
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Residual Stresses IX The procedures described above were carried out independently, as follows: initial substrate cleaning using a beam of 400 eV Ar + for 5 minutes, followed by bombardment with Xe ions at 1000 eV and/or plasma nitriding, and finally, the deposition of the TiN coating. Four samples were produced, one without treatment, two were treated individually and one sample underwent both types of treatment. All of them were finally coated with the TiN film. Tab.1 list the four samples investigated here. Microstructure and phase analyses: Owing to the thin TiN coating and the restricted diffusion zones produced by nitriding at 380°C, synchrotron X-ray diffraction (XRD) was used at the experimental station for powder diffraction (XPD) of the Brazilian National Synchrotron Radiation Laboratory (LNLS) in Campinas, Brazil, to determine the phase composition within each duplex coated sample. The radiation energy was set to 8.05keV (λ = 1.5423 A) and the beam size was 4 mm wide and 1 mm high. The diffractograms were obtained under a fixed grazing incidence angle ω of 3°, which corresponds to an average penetration depth τ 500 nm. The TiN coatings and the microstructure changes in the AISI 4140 steel surface after the different duplex coating strategies were investigated on mirror-polished cross-sections etched with 5% nital using a high-resolution FEG-SEM Philips XL -30 EGF.
Residual stress analyses:
The impact of the four coating strategies on the average residual stress of the TiN films was determined using the modified sin 2 ψ method under a fixed grazing incidence angle of 1° [10] . This allowed for maintaining a nearly fixed penetration depth of 400 nm that comprises the entire coating thickness. Thus, the effect of possible stress gradients within the coating can be suppressed. The stress analyses were carried out at the XPD experimental station of the LNLS in Campinas, Brazil. The radiation energy was set to 8.05keV (λ= 1.5423 A) and the beam size was 1 mm × 1 mm. Owing to the weak macroscopic texture of the IBAD TiN films, unrestricted measurements of the (220) lattice spacing could be performed for all sample directions defined by the inclination angles ψ and ω, as well as by the azimuth ϕ. The residual stresses were determined using the diffraction elastic constants (DEC) of the (220) TiN lattice planes, which were calculated based on the Hill´s approach and the single crystal TiN elastic constants [11] .
Results and Discussion
Microstructure: Fig.1 shows the bulk microstructure of the AISI 4140 steel substrate. It has a typical quenched and tempered microstructure that consists of bainitic and martensitic needle-shaped grains with the occurrence of finely dispersed carbides within the bainitic regions.
A detailed view of the duplex-coated samples is presented in Fig.2 . The TiN coating in all cases has an average thickness of 400 nm. The AISI 4140 steel microstructure is not significantly altered with the Xe + atomic peening at 1000 eV. However, the average surface roughness increases to about 110 nm, which 
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coincides with AFM observations made in 100Cr6 steel substrates [12] . This causes localized coating delamination along the TiN/steel interface (Fig.2b) . Plasma nitriding carried out at 380° C does not lead to the formation of a white compound layer, but to only a restricted diffusion zone. The same cannot be clearly observed for the combined surface treatment. The extension of the diffusion zone can only be well-defined for the sample that underwent simple plasma nitriding. In this case the diffusion zone reaches up to 500 nm depth, as delimited by the dashed black lines in Fig 2c. In this region finely dispersed platelets can be observed, thus confirming the formation of a more appreciable volume fraction of nitrides. Atomic peening with Xe ions prior to nitriding seems to cause mainly material removal by sputtering, thus causing the diffusion zone to be interrupted and even much less extended than after simple plasma nitriding. The phase composition of the AISI 4140 steel surfaces subjected to the different pretreatment strategies can be determined from the diffractograms obtained under grazing incidence (GI) and displayed in Fig.3 . The sample S1000 can be used as reference, since it does not undergo phase transformations, such as the formation of iron nitrides. SN and S1000N samples evolve a similar phase composition within their pre-treated surfaces. Both exhibit the formation of a more appreciable volume fraction of the nitrogen-rich ε-Fe 2-3 N, but a low content of γ'-Fe 4 N can also be detected (Fig.3b-c) . In addition, the SN sample subjected to simple plasma nitriding contains a more elevated ε-Fe 2-3 N content. This can be derived from the diffraction line intensities of ε-Fe 2-3 N that are higher for the SN sample in comparison to the S1000N (Fig.3b) . This observation also corroborates the SEM investigations that revealed a thicker and continuous diffusion zone in the SN sample. Another feature present in the diffractograms is the extended line broadening of the TiN reflections. This suggests that the coating is nanostructured. An estimation using the Scherrer equation yields 10 nm of coherently diffracting domain size within the grains of the coating. In addition, the diffractograms display the occurrence of all TiN diffraction lines, thus suggesting that a strong preferential orientation of grain growth does not occur in contrast to earlier observations in other TiN coatings deposited by sputtering [13] .
844
Residual Stresses IX Residual stresses: PVD coatings undergo intrinsic residual stresses due to the ion bombardment promoted by the plasma. The incoming ions or knock-on atoms shift other atoms from their lattice positions, thus producing residual interstitials. The result is in general an expansion of the film outwards the substrate. In the plane of the coating, however, the layer is not free to expand and the entrapped atoms cause elevated compressive stresses [14] . In addition to those intrinsic stresses, socalled extrinsic residual stresses also build up during cooling from the deposition temperature owing to the difference in thermal expansion between the coating and the substrate [15] [16] . The extrinsic component can be therefore modified if the phase composition within the near-surface zone and consequently its average thermal expansion coefficient (TEC) are altered. Thus, the surface pre-treatments are supposed to influence the residual stress level of the hard coating. Fig. 4a displays the cos α*sin² Ψ distributions of the (220) TiN lattice planes, where α = θ 0 -ω corresponds to the angle between the sample surface and the diffracting (220) plane, θ 0 is the Bragg angle of the observed 220 TiN plane at ψ = 0°, ψ represents the sample tilt in the diffractometer about the ψ-axis and ω is the grazing angle adjusted by the sample tilt about the ω-axis.
In agreement with previous studies [10, 13] , the distributions are linear. In addition, the diffraction line is assessable at all tilting angles, thus confirming the absence of sharp preferential growth orientation in the coating. Fig.4b displays the residual stresses in the TiN films as a function of the duplex coating strategy. The residual stresses are highly compressive for all surface treatments. The highest stress level (-6.0 GPa) is observed for the S sample without any surface pre-treatment. Simple ion bombardment and the combined treatment do not lead to any appreciable change in the stress value of TiN that remains above -5.5 GPa.
A considerable reduction of the coating stresses is achieved with simple low-temperature plasma nitriding. The residual stresses decrease down to about -4.0 GPa. Investigations made in other duplex PVD coatings deposited onto previously nitrided substrates [17] [18] reveal the existence of a transition zone between substrate and coating. Its development is related to the effect of the high energy ions during IBAD that cause the transference of chemical elements across the interface between coating and nitrided diffusion zone as well as the increased desorption of the substrate surface. In the present case, a Ti-rich interlayer appears therefore to be implanted in the substrate surface, thus enabling the reaction of Ti with nitrogen within the nitrided diffusion zone. This enhances the coating adhesion and increases the chemical similarity between substrate and coating, which contributes to diminish the residual stresses in the TiN coating. In addition, the sample SN exhibits higher nitride content compared to the S1000N sample. This diminishes the thermal expansion mismatch between coating and steel surface, since TEC(γ´-Fe 4 N) < TEC(ε-Fe 2-(a) (b) 
Conclusions
The effect of individual and combined pre-treatments based on the bombardment with Xe ions and plasma nitriding at 380°C on the surface microstructure of the AISI 4140 steel and the residual stresses of TiN films deposited onto this steel substrate were investigated.
Results demonstrate that the bombardment with Xe ions at 1000 eV causes sputtering of surface material, rather than implantation and surface activation due to the generation of lattice imperfections. This increases the roughness of the substrate and promotes localized coating delamination. The density of lattice imperfections within the bombarded surface is not increased thereby and the subsequent nitrogen diffusion at 380°C is rather diminished probably due to the increased substrate roughness. Those observations suggest that the bombardment energy has to be reduced for the AISI 4140 steel to enable its surface activation and enhance the nitrogen diffusion.
The residual stresses in the TiN coating could be significantly reduced by plasma nitriding the steel substrate, since a transition zone with implanted Ti atoms seems to be formed in the AISI 4140 steel surface during ion-beam assisted coating deposition and a more extended diffusion zone composed of both ε-Fe 2-3 N and γ-Fe 4 N nitrides was produced. This highlights the importance of tailoring the Ti-enriched transition zone, the thermal expansion mismatch between coating and substrate and, consequently, the extrinsic residual stress component by modifying the microstructure of the substrate surface.
846
Residual Stresses IX
